Introduction
Polycyclic aromatic hydrocarbons (PAHs) are a class of ubiquitous environmental contaminants formed by incomplete combustion of organic material. The main sources of human exposure include occupation, passive and active smoking, food, water, and ambient air pollution [1] . Children may face increased vulnerability to environmental exposures, including PAHs, due to their unique behavior patterns and higher ingestion and inhalation rates given their body size. In a representative sample of the U.S. population, children (aged 6-11 years) had higher levels of PAH urinary metabolites than adolescents (aged [12] [13] [14] [15] [16] [17] [18] [19] and adults (aged ≥20 years) [2] . This is consistent with previous studies of urinary PAH metabolites in children [3, 4] and, also is consistent with children's higher PAH intakes from diet, air, and soil [5, 6] .
At least five PAH compounds, including benzo(a)pyrene, are considered by the EPA and IARC to be "probable" or "possible" human carcinogens via a genotoxic mechanism [7] . Animal studies have shown that prenatal PAH exposure may cause adverse neurodevelopment, including learning deficits, memory impairments, and behavioral changes [8] [9] [10] . The developing brain is particularly vulnerable to these effects and molecular epidemiological studies found that newborns may be up to 10 times more susceptible to DNA-PAH adduct formation than their mothers [11, 12] . The mechanisms by which PAH exposure affects a child's developing brain are not fully understood, but proposed mechanisms include endocrine disruption [13] , oxidative stress [8] , binding to placental growth factor receptors [14] , induction of P450 enzymes via binding to the human Ah receptor [15] , DNA damage resulting in activation of apoptotic pathways [16, 17] , or epigenetic effects [18] .
Prenatal exposure to PAHs predicted lower mental development index and cognitive developmental delay in the first three years of life [19] ; symptoms of anxious/depressed and attention problems at age 5-7 years [20, 21] ; decreased language, social, and average developmental quotients in 2-year-old children [22] ; and decreased IQ at age of 5 [23, 24] . Higher referral by teachers for clinical assessment of learning and behavioral problems has also been reported [25] .
Attention-deficit/hyperactivity disorder (ADHD) is a commonly recognized behavioral disorder characterized by symptoms of inattention and/or impulsivity. ADHD is believed to have genetic origins, but it may interact with the environment such that environmental factors act as a trigger for the disorder [26, 27] . Learning disability (LD) is often associated with ADHD, having been reported in 70% of ADHD patients and their relatives [28] . More than half of children with ADHD are also school-identified as eligible for SE services under the Individuals with Disabilities Education Act (IDEA), with most falling under the categories of LD, emotional disturbance, or other health impairment [28] . A study of elementary school children receiving special education (SE) services revealed that 44% of the children met the diagnostic criteria for ADHD, while only half of those were receiving care for the disorder [29] . Weiland et al. [30] estimated annual costs of preschool SE services for lowincome NYC children with PAH-induced developmental delay to be $13.7 million per birth cohort.
There have been no reports of associations between children's PAH exposure and clinically significant neurodevelopmental effects in a nationally representative sample. Here, we assess the cross-sectional relationship between concurrent levels of urinary PAH metabolites and ADHD, LD, and SE in a nationally representative sample of U.S. children aged 6 to 15 years. NHANES is a nationally representative, cross-sectional survey of the noninstitutionalized U.S. civilian population, based on a complex, multistage probability sample. Details of the NHANES protocol are described elsewhere [31, 32] . Briefly, one to two weeks after an initial in-person interview, participants undergo a physical examination in specially designed and equipped Mobile Examination Centers (MECs). The laboratory component involves the collection of biological specimens, including urine for subjects aged 6 years and older.
Materials and Methods

Data
In 2001-2004, laboratory analysis of urinary biomarkers was performed for one-third of participants aged 6 years and over. Monohydroxy-PAH (OH-PAH) metabolites were measured by an analytical method involving enzymatic hydrolysis of urine, extraction, derivatization, and analysis by capillary gas chromatography combined with isotope-dilution highresolution mass spectrometry (GC-HRMS) [33] .
PAH Exposure.
Urinary metabolite concentrations (nanograms per liter (ng/L)) of eight PAHs, available in both the 2001-2002 and 2003-2004 cycles, were identified and selected for the data analysis: 1-pyrene, 1-napthol, 2-napthol, 2-fluorene, 3-fluorene, 1-phenanthrene, 2-phenanthrene, and 3-phenanthrene. Analytes below the limit of detection (LOD) were assigned a value of the LOD divided by the square root of 2.
Five exposure variables were used in this analysis: 1-pyrene, 1-napthol, 2-napthol, fluorine "FLUO" metabolites (2-fluorene + 3-fluorene), and phenanthrene "PHEN" metabolites (1-phenanthrene + 2-phenanthrene + 3-phenanthrene). Urinary 1-pyrene is the most commonly utilized PAH biomarker of exposure and is a useful surrogate of total PAH exposure [2] . The metabolites that arise from the same parent compound were combined, so that our exposure variables would more closely reflect environmental exposure to the parent compound. 1-napthol and 2-napthol were not combined, however, because these metabolites may reflect exposures to different source of naphthalene (personal communication, Dr. Andreas Sjödin, PAH Biomarker Laboratory, CDC). Since the ranges of PAH concentrations were positively skewed, the five exposure variables were log-transformed and treated as continuous variables and, in separate analyses, high/low categorical PAH variables, dichotomized at the median, were used.
2.3.
Outcomes. The primary outcome of interest was parental report of ever-doctor-diagnosed ADHD. The survey question, as asked to participants, was "has a doctor or health professional ever told {you/survey participant (SP)} that {s/he/SP} had attention deficit disorder?" Secondary outcomes were parental report of LD and receipt of special education or early intervention services (abbreviated as "SE" throughout). The survey questions were as follows: "has a representative from a school or a health professional ever told {you/SP} that {s/he/SP} had a learning disability?" and "does {SP} receive special education or early intervention services?"
Covariates.
A number of covariates and potential confounders identified in the literature were investigated, including age, sex, race/ethnicity (non-Hispanic white, non-Hispanic black, Hispanic and other), and body mass index (BMI) (<25, 25-30, and >30). Because urinary PAH metabolite concentrations vary based on urine dilution, log-transformed creatinine concentration was included as a covariate. The poverty-income ratio (PIR) (<1.00, 1-1.84, 1.85-3, >3), a ratio of family income to the poverty threshold, was used as an indicator of socioeconomic status. Health insurance coverage and having a routine health care provider, both of which have been associated with an increased likelihood of an ADHD diagnosis [34] , were also included. Birth and early childhood factors including birthweight (<5.5 and ≥5.5 lbs), maternal age at birth, treatment at a newborn care facility, and preschool attendance were evaluated. Maternal smoking during pregnancy (yes/no) and having any smokers in the household (yes/no) were positively correlated (Spearman correlation coefficient = 0.344, < 0.001); therefore, the "smokers in the household" variable was chosen for inclusion into the multivariate models to represent postnatal environmental tobacco smoke (ETS) given that we are evaluating the effect of concurrent PAH levels, rather than prenatal PAH levels. Log-transformed fasting time (hours since last meal) was also evaluated as a covariate since recent consumption of dietary PAHs may influence urinary metabolite concentrations.
Statistical Analysis.
All analyses were performed using SAS v. 9.3 (SAS Institute Inc. Cary, NC), using SAS SURVEY procedures to account for the complex survey design of the NHANES sample. Variables found to be associated with each dichotomous yes/no outcome of interest based on a Chi-square test (categorical) or -test (continuous) using a statistical threshold of < 0.2 in bivariate analyses were included in the multivariate logistic regression analysis. Nonsignificant covariates ( > 0.05) were removed one at a time (backward elimination) as long as effect estimate between PAH exposure and outcome was not altered by greater than 10% in order to arrive at most parsimonious model. Regardless of statistical significance, the final models included age, sex, race/ethnicity, and creatinine, since PAH levels will vary according to urinary dilution, and urinary dilution varies by age, sex, and race/ethnicity group. To assess potential effect modification by sex, the interaction term sex * PAH for each PAH exposure variable was included in modeling, and subgroup analyses were also performed. Because the initially selected covariates for each outcomes were nested within the larger group of covariates selected in the SE model and the results did not change appreciably (data not shown), the covariates found to be significant in the SE model were also used in the final models for ADHD and LD in order to achieve consistency among the three outcomes. Thus, the final models included adjustment for age, sex, race/ethnicity, creatinine, smokers in the household, PIR, birthweight, and having a routine source of health care. The sample was restricted to participants with no missing data for the PAH measures, covariates, or outcomes of interest. Prevalences of ADHD, LD, and SE were 7.1%, 13.2%, and 11.4%, respectively, and the Spearman correlation coefficients were for ADHD and LD, = 0.344 ( < 0.001); for ADHD and SE, = 0.301 ( < 0.001); and for LD and SE, = 0.679 ( < 0.001). Spearman correlation coefficients between PAH exposure variables and having any smokers in the household were all statistically significant ( < 0.05) and ranged from = 0.056 for log-transformed 1-napthol to = 0.437 for high/low FLUO metabolites. The dichotomous high/low exposure variables generally demonstrated a higher correlation coefficient with the "smokers in the household" variable than did the log-transformed continuous variables.
Results
Bivariate analyses showed significant associations between sex, having smokers in the household, and maternal smoking during pregnancy with ADHD ( Table 2) . Additionally, race/ethnicity, birthweight, PIR, and fasting time were significant bivariate predictors for LD. All of those variables, as well as age and having a routine source of medical care, were significant bivariate predictors of SE.
Multivariate analyses resulted in a significant inverse association between log-transformed (continuous) 2-napthol and ADHD (OR = 0.75; 95% C.I. 0.59, 0.94) ( Table 3) . Smokers in the household and sex remained significant, independent predictors of ADHD in the final models for each of the continuous and categorical exposure variables (data not shown). In models stratified by sex, a significant inverse association was found between log-transformed 1-pyrene and ADHD (OR = 0.46; 95% C.I. 0.23, 0.94) and between high 2-napthol and ADHD (OR = 0.39; 95% C.I. 0.16, 0.98) among females. The interaction terms of PAH exposure variables with sex were all nonsignificant.
Overall, there were no significant associations between PAH metabolites and LD in multivariate analyses (Table 4) . Smokers in the household, birthweight, sex, poverty, and race/ethnicity (higher risk for Hispanics and "other" race compared to whites) remained significant, independent predictors of LD in the final models for each of the continuous and categorical exposure variables (data not shown). However, in models stratified by sex, a significant inverse association was found between log-transformed 1-pyrene and LD (OR = 0.58; 95% C.I. 0.34, 0.98) (Table 4) among females.
Conversely, a marginally significant positive association between high 1-pyrene and SE (OR = 1.83; 95% C.I. 1.00, 3.34) was observed among males in multivariate adjusted models (Table 5) . Additionally, high fluorine metabolite levels were significantly and positively associated with SE (OR = 2.00; 95% C.I. 1.05, 3.84). Smokers in the household, birthweight, male sex, poverty, and having a routine source of care remained significant, independent predictors of SE in the final models for each of the continuous and categorical exposure variables (data not shown). In models stratified by sex, a significant positive association between high fluorine and SE remained among males (OR = 2.25; 95% C.I. 1.24, 4.07), but it was not statistically significant among females (OR = 1.78; 95% C.I. 0.59, 5.35).
Discussion
Previous studies which have examined neurotoxic effects of prenatal PAHs in children were of modest sample size and many were based in New York City [19] [20] [21] 24] and China [22] where the results pertaining to highly-exposed populations may not be applicable to the general U.S. population. This study evaluated the association between childhood PAH biomarkers and parental report of ever doctor-diagnosed ADHD, LD, and receipt of SE services in a large, nationallyrepresentative sample of U.S. children. Significant inverse associations were observed between log-transformed 2-napthol and ADHD. Additionally, sexstratified analyses indicated significant inverse associations among females between 1-pyrene and both ADHD and LD and between high 2-napthol and ADHD.
Conversely, significant positive associations were observed between high fluorine metabolites and SE. When stratified by sex, this association remained statistically significant for males but not for females. These findings suggest that PAH exposure may increase or decrease the risks of certain developmental disorders depending on the child's sex and the specific compounds to which they are exposed.
A number of limitations in this study must be considered. Unlike previous research on neurotoxic effects of PAHs, NHANES data are collected cross-sectionally thereby limiting our ability to infer causality. Current PAH levels may Journal of Environmental and Public Health 7 not reflect past exposures, and if prenatal and early childhood periods alone are the critical windows for susceptibility to the effects of exposure, then the use of current PAH levels as surrogate measures of etiologically-relevant exposures may have biased our results. Despite our findings regarding specific metabolites, it is difficult to attribute health effects to specific PAHs because most exposures are to PAH mixtures and not to individual PAH compounds [7] . Furthermore, use of urinary PAH metabolites, which have half-lives as short as 6-35 hours, will not reflect longterm exposures [35] . PAH-DNA adducts, which do not depend solely on the magnitude of recent dose, are a better measure of chronic exposure. Urinary concentrations are also affected by time of day when spot urine samples are collected-the within-day variance of urinary PAHs contributes 72 to 89% to total variance among individuals-a fluctuation which may be caused by diet, metabolism, or changes in daily routine [36] . Taking urine measurements at multiple time points or over a 24-hour period could help correct for exposure misclassification, although concentrations of urinary PAH metabolites reflect metabolic/detoxification capacity which also will vary among individuals. Our primary Journal of Environmental and Public Health outcome is limited by its reliance on parental report of doctordiagnosed ADHD rather than confirmed diagnosis using the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) criteria, or the Diagnostic Interview Schedule for Children IV (DISC-IV) used in previous studies. Similarly, diagnosis of LD and receipt of SE, including early intervention services, were both assessed via parental report. However, maternal reports of ADHD have been previously found to have high reliability and accuracy [37] . Nonetheless, any misclassification of the outcome should not be related to PAH exposures and, therefore, would have biased results towards the null.
Adjustment for potential confounders was limited to variables available for both NHANES cycles. Although presence of smokers in the household was included as a measure of ETS exposure, the potential for residual confounding exists. We did not quantitatively adjust for multiple comparisons in our statistical tests, which may have resulted in one or more of the observed effects. Additionally, because our sample size was limited by age restrictions, rarity of outcomes, and the onethird subsample of PAH measurements, we may have had insufficient power to detect some of the independent effects.
It is possible, as we found with some of the exposure variables, that PAH exposure does not increase the risk of ADHD, LD, or receipt of SE services in the general U.S. child population when controlling for other known risk factors. This would be consistent with a recent finding that prenatal exposures to PAHs showed no significant association with DSM-oriented attention deficit/hyperactivity problems at age 6-7 years in the Columbia Center for Children's Environmental Health (CCCEH) cohort [21] .
Finally, as we have shown here, the effects of PAH exposure may differ by sex. Our sex-specific findings suggest that males may be at higher risk than females of PAHinduced neurodevelopmental effects. Recent research implicates sex-specific epigenetic marks-triggered by environmental factors-as a potential cause of the sex bias observed in many common diseases [38] . Epigenetic malprogramming caused by environmental factors may occur in a sex-specific manner, thereby leading to dimorphic gene expression and increased sensitivity of males (or females) to environmentally induced adverse health outcomes. PAHs, in particular, have been shown to alter gene expression in hormonal regulatory pathways (that are crucial to early brain development), alter expression of proinflammatory cytokines, upregulate COX-2 (an enzyme involved in inflammation and associated with reactive oxygen species) [39] , and, in the CCCEH cohort, to lead to differential methylation in umbilical cord white blood cell DNA of newborns [40] . More research is needed to detect whether these or other epigenetic alterations mediate the neurodevelopmental effects of PAHs and whether these effects are sex-specific.
Nonetheless, this is the first study to examine the relationship between childhood PAH exposure and ADHD, LD, and SE in a nationally representative sample of U.S. children. Our results suggest an association between fluorine metabolites and increased need for SE services among the general U.S. population of school-aged children aged 6-15 years with possible sex-specific effects. Large, nationally representative, prospective studies are needed to fully investigate the neurodevelopmental effects of PAH exposure in children and to disentangle the effects of prenatal and postnatal exposures.
